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Introduction
Arthrospores of Geotrichum candidunz require an exogenous source of nutrients to germinate only at high spore concentrations, germination occurring in distilled water when the spore concentration is low (Park and Robinson 1970) . These authors have shown that the induced nutrient requirement is caused by self-inhibition and have indicated the importance of selfinhibition in spore dormancy in this organism. The metabolic or biochemical basis of this selfinhibition is not known although some data have been presented showing that the metabolism of spore reserves is adversely affected (Steele 1972) . Since mechanisms of spore dormancy are still to a large extent not clearly understood, but may involve the participation of self-inhibitors (Allen 1965; Sussman 1966; Sussman and 'Received January 15, 1973 . =Present address: Department of Biology, McMaster University, Hamilton, Ontario.
Halvorson 1966), the properties and action of the self-inhibitor produced by G. cnndidum have been investigated and related to the maintenance of the spore phase.
Materials and Methods
A strain of Geotrich~tn~ candidurn from this department's stock culture collection was grown and maintained on slopes of malt agar (Oxoid malt extract, 30 g; Oxoid No. 3 agar, 15 g; distilled water to 1 liter). After 3 4 days growth on this medium abundant arthrospores had formed and could be removed by washing the slopes with sterile distilled water. Arthrospores were routinely harvested when 5 days old and washed three times in sterile distilled water before further study. The basic germination medium (S medium) consisted of glucose, 0.7 g; NH4N03, 0.1 g; KHZP04, 0.2 g; MgS04.7Hz0, 0.5 g; distilled water to 1 liter. In some experiments the carbon source was changed or its concentration altered as indicated in the text.
Manometric measurements of oxygen uptake were made at 25°C with a Warburg constant volume respirometer with air as the gas phase. The standard manometric technique was used (Umbreit et al. 1957) . Polarographic measurements of oxygen uptake were made at 25°C with FIG. 1. System used to study the properties of the selfinhibitor. A. lo3 spores/ml agar square. B. Distilled water agar square. C. lo7 spores/ml agar.
a Clark-type oxygen electrode using the technique described by Maheshwari and Sussman (1970) . The different arthrospore concentrations which were used in these experiments were prepared by suitable dilutions of a stock arthrospore suspension. A haemocytolneter counting chamber was used to determine the arthrospore concentration in the stock solution.
Results

Properties of a Self-itzhibitor
Spores were mixed with distilled water agar at 40°C to give a spore concentration of lo7 sporeslml and the resulting suspension was poured into a Petri dish. When the agar had set a I-cm square was removed and replaced by a 1-cm square of distilled water agar. Agar squares with spores at lo3 sporeslml were then positioned as shown in Fig. 1 . Controls were set up using two different systems: (1) lo3 sporeslml agar squares placed on distilled water agar, and (2) lo7 sporeslml agar without agar squares. Spore germination was not inhibited at all in the agar squares over distilled water agar whereas spores were strongly inhibited in those squares over lo7 sporesjml agar (Table 1) . When the squares were over distilled water agar in the presence of lo7 sporeslml agar then partial inhibition resulted ( Table 1 ). The fact that few spores in the agar square over distilled water agar surrounded by agar containing lo7 sporeslml ( Fig.  1) were inhibited indicates that the inhibitory factor can only be transferred effectively for a short distance. If self-inhibition here is due to oxygen limitation or excess carbon dioxide production then it might be expected that more spores in this square would have been inhibited. However, the possibility that oxygen and carbon dioxide levels are important factors in self-inhibition cannot be discounted, especially without knowing their levels in (a) the agar containing spores, (b) the agar alone, and (c) the atmosphere in the dish; and not knowing the gaseous equilibration and diffusion rates between a, b, and c.
In an attempt to isolate any inhibitory factors produced by spores, the spore-free supernatant from a 1-or 7-day-old self-inhibited lo6 spores1 ml suspension was added to a spore pellet which was then resuspended such that a 4 x 10" spores/inl suspension resulted. After 24 h incubation the percentage germination in these suspensions and in distilled water controls was recorded. This procedure was repeated with supernatants from more concentrated spore suspensions (lo7 and 10' sporeslml). At all the concentrations tested it was found that the spores do not make the germination medium (distilled water in these experiments) unsuitable for germination for any measurable period after their removal from the medium. This effect was also obtained when spore pellets were resuspended in spore-free supernatants of aged distilled water spore suspensions to give a final spore concentration which was only partially self-inhibitory (germination = 26% in the distilled water controls), i.e. the percentage germination recorded in treatment samples was not different from that recorded in the controls.
Effect of Carbon Source on Gertninatiotz
At self-inhibitory spore concentrations all the constituents of S medium (glucose, MgSO,. 7H20, KH2P04, and NH4N03) are required for best germination (Park and Robinson 1970) . Replacement of glucose in S medium by other carbon sources showed a variation in their ability to support germination and somatic growth (Table 2) . It has been shown earlier that in Penicillium griseofuIvum there was frequently no correlation between the ability of a particular carbon source to support germination and the ability of mycelium to use the same carbon source (Fletcher and Morton 1970) . A similar situation was also found with some of the carbon lnd~cated by +, no effect belng indleated by 0. In the absence of a carbon source no germmatron occurred. sources tested here. All fatty acids tested permitted germination but did not support somatic growth while mannitol supported somatic growth but not germination.
Endogenous Oxygen Uptake
From traces obtained using the oxygen electrode it was apparent that the endogenous rate of oxygen uptake was dependent on both spore concentration and spore age. When a spore suspension in distilled water (1.8 x lo6 spores/ml) was diluted by a factor of two (Fig. 2) the rate of oxygen uptake increased. Since this response was:obtained using an oxygen electrode (a decrease in oxygen uptake would have been expected with a decrease in spore concentration and hence the total number of spores in the incubation chamber) it is evident that endogenous respiration increases as spore concentration is reduced. The effect was not due to a fresh aeration of the incubating chamber as a control experiment did not show any increased oxygen uptake after aeration unless a dilution of spores also occurred.
Calculations from traces obtained from the oxygen electrode show that a 12-fold decrease in the rate of oxygen uptake per spore occurred as the age of the spores increased from 2 to 7 days old. After the spores were 7 days old the endogenous rate of oxygen uptake did not decrease any further (from 3/107p1 0, per spore per hour) as the spore age increased.
One point must be made before evaluating the data reported here. The spores were examined not in their normal environment but suspended in water and so may have higher rates of endogenous metabolism than spores in situ as a result of possible increases in their water content. However, certain patterns of endogenous metabolism do emerge, endogenous oxygen uptake decreasing with increasing levels of self-inhibition and with increasing age. Both effects may be related to the maintenance of the spore phase, and their significance will be discussed later in the text.
Oxygen Uptake during Germination
An increase in respiratory activity during germination was evident at all the spore concentrations tested using both the Warburg manometric technique (Fig. 3) and the oxygen electrode (Fig. 4) . The response of respiratory activity depends on the type of germination stimulus and the spore concentration. Addition of nutrients to a previously self-inhibitory spore suspension in distilled water led to an exponential increase in oxygen uptake. On the other hand, dilution of the spore suspension with distilled water to a spore concentration which was no longer self-inhibitory (2.6 x lo4 spores/ml or lower) resulted in a steady rate of oxygen uptake which was, however, greater than the endogenous rate of oxygen uptake.
By calculating the average rates of oxygen uptake per spore during germination at different 3L. VOL. 19, 1973 spore concentrations it was noted that the rate of oxygen uptake decreased as the spore concentration increased (Fig. 5) . Assuming that the concentration of the self-inhibitor and the concentration of spores are related then these data would indicate that one effect of the self-inhibitor is to reduce oxygen uptake by germinating spores. If this is so, then the effect of the selfinhibitor on oxygen uptake must decrease as the germination proceeds since an increase in the rate of oxygen uptake was found to occur during germination at all self-inhibitory spore concentrations tested.
Discussion
Park and Robinson (1970) using higher spore concentrations than used here found two sharp changes in oxygen uptake during germination, one followed immediately after the germination stimulus, and the other 1-l+ h after this. These authors suggested that the first increase did not represent any organizational changes in the spore but rather a fuller use of the metabolic pathways already present, while the second increase represented a shift to a different metabolic pattern. Since this secondary increase and also the exponential increase in the rate of FIG. 5. Effect of arthrospore concentration on the rate of oxygen uptake per spore. Data for this figure were obtained using an oxygen electrode with spores germinating in S medium. Comparable points on the oxygen uptake curves for the different spore concentrations were selected by measuring oxygen uptake rate at 50% germination, i.e. a tangent to the curve was taken at the 50% gem~ination level.
oxygen uptake (reported here) are not found at low spore concentrations the increases in rate during germination could be explained, as follows, by the presence of a self-inhibitor. Another interpretation of the data from the work of Park and Robinson (1970) might then be that the early stages of germination are more influenced than the later stages by the presence of a self-inhibitor, and at high spore concentrations the influence of the self-inhibitor is greatest for a period up to 1-19 h from the initiation of germination. The sharp decline in the effect on oxygen uptake after 1-14 h may indicate that the germination process consists of two phases, one of which is more sensitive than the other to the effect of the self-inhibitor.
The readily detectable effect of the self-inhibitor on oxygen uptake suggests that the cell's energy metabolism is adversely affected. A simple hypothesis for the mechanism of selfinhibition in G. candidtrnz might be that the self-inhibitor acts as a respiratory poison which is made less effective in the presence of suitable respiratory substrates. Then, in the presence of the self-inhibitor at effective concentrations sufficient mobilization of reserves for germination cannot occur because of the reduced availability of energy for reserve breakdown. The breakdown of carbohydrate and lipid reserves during germination in nutrient medium (Steele 1972) could be due to an increase in the energy supply brought about by the presence of a utilizable carbon source (glucose). The induced requirement for salts and a nitrogen source for germination when spores are at self-inhibitory concentrations (Park and Robinson 1970) indicates that in the presence of the self-inhibitor, despite the presence of a carbon source there is only sufficient energy for certain reserves (carbohydrates and lipids) to be metabolized. Presumably the reserves which cannot be metabolized in the presence of the self-inhibitor supply a nitrogen source and sufficient salts for germination in the absence of self-inhibition.
Self-inhibition of spore germination has been noted many times in the literature (reviews by Allen 1965; Sussman 1966; Sussman and Halvorson 1966) , and in Puccinia graminis a mechanism of self-inhibition has been suggested which is of interest when considering the mechanism of self-inhibition in G. caizdidum. Evidence has been given that the self-inhibitor in P. graminis reduces oxygen uptake (Farkas and Ledingham 1959; Maheshwari and Sussman 1970) and behaves in many respects like a respiratory poison with its point of attack on the CoA -fatty acid complex (Farkas and Ledingham 1959) . The question of whether the selfinhibitor in G. candidunz has the same point of attack remains to be answered.
